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Title page: Regional specialisations in the Uca vomeris compound eyes exploit the differences in 
information content in different parts of the visual world (right image half, see chapter II). In the lateral 
visual field, facets are largest, increasing contrast sensitivity for the detection of approaching territory 
intruders. Frontally, resolution is highest and finely tuned to the short wavelengths that are provided by 
the crabs’ blue carapace patterns (spectra in left image half) and picked up by the crabs’ unusual 
trichromatic colour vision system (spectral sensitivities depicted between eyes, see chapter III). The 
dorsal eye features poor resolution, but comparatively large facets, leading to a patchy, undersampled 
visual field, but good sensitivity for the detection of small moving objects like approaching predators 
(see chapter IV and V). 
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Abstract 
 
Many animals use vision to guide their behaviour and to collect relevant information 
about their environment. The diversity of visual environments and of visually guided 
tasks has led to a large variety of specialisations of eyes and visual systems. Our 
knowledge, however, about how the anatomical and physiological properties of eyes 
and the behavioural strategies of animals relate to the visual signals that are important 
to them in their natural environment, is extremely limited. In this thesis, I make use of 
optical, physiological and behavioural analyses to reconstruct the flow of visual 
information that the fiddler crab Uca vomeris experiences during its daily life on the 
mudflat. I present a detailed analysis of the first stage of visual processing, the 
sampling by the ommatidial array of the crabs’ compound eye and demonstrate how 
regional specialisations of optical and sampling resolution reflect the information 
content and behavioural relevance of different parts of the visual field. Having 
developed the first intracellular electrophysiological preparation in fiddler crabs, I 
then examine the spectral sensitivities of photoreceptors – the basis for colour vision. 
I show that the crabs possess an unusual trichromatic colour vision system featuring a 
UV-sensitive and a variety of short-wavelength receptor types based on the co-
expression of two short-wavelength sensitive pigments. Finally, the natural visual 
signals that predatory and non-predatory birds present to fiddler crabs are described. 
The visual cues the crabs use when deciding whether and when to respond to these 
potential predators are analysed and compared to those used in dummy predator 
experiments. The crabs use a decision criterion that combines multiple visual cues – 
including retinal speed, elevation and visual flicker. Neither of these cues accurately 
predicts risk, but together they reflect the statistical properties of the natural signals 
the crabs experience.  
 
The complex interactions between the design of the crabs’ visual system, the stimuli 
they experience in their natural context and their behaviour demonstrate that neither 
of them can be understood without knowledge of the other two. 
  
 vi 
  
 vii
Acknowledgements 
 
This thesis would not have been possible without the support from a great number of 
people. 
 
First and foremost, I would like to thank my PhD supervisors Jan Hemmi and Jochen 
Zeil for their marvellous support, their continual encouragement and invaluable 
advice. Jan’s fantastic support, analytical zeal and incredible impetus – whether in the 
lab, on the mudflat or chasing me up New Zealand’s mountains – were an invaluable, 
constant source of motivation and made this thesis possible. Equally, without 
Jochen’s scientific enthusiasm, inspiration and wisdom, this project would have been 
impossible. I would also like to thank my PhD advisor Michael Jennions for 
providing motivation through keen interest and valuable discussions.  
 
A great number of others have contributed to this work in many ways. I am indebted 
to Justin Marshall, Sonja Kleinlogel and Daniel Tomsic for initiating and training me 
in the mysteries of electrophysiology. Many others, at ANU and elsewhere have 
provided help or advice along the way, including Eric Warrant, Ajay Narendra, 
Cecile Bordier, Richard Berry, Angelique Paulk, Debjani Das, Shaowu Zhang, 
Waltraud Pix, Tobias Merkle, Richard Peters and Willi Ribi. For his astonishing crab-
catching skills, I am also much indebted to Juri Hemmi. I would also like to thank 
Robert Parker, Mark Snowball, Istavan Zaveczky, Shane Green and the RSBS 
workshop, as well as the RSPhysE workshop, especially Ron Cruikshank, Richard 
Kolterman and Tony Barling for helping in the design and construction of my 
laboratory and field equipment. 
 
I would also like to thank my fellow students, who have helped keep me (mostly) 
sane through the duration of my PhD and supported me in many ways, including 
Mario Pahl, Pinar, Johannes and Laila (almost a student) Letzkus, Martin How, 
  
 viii
Wiebke Ebeling, Shaun New, Lisa Vlahos, Riccardo Natoli, Sam Reid, Ali Alkaladi, 
Marianne Peso, Nicole Carey, Yu-Shan Hung and Amir Mohammadi, to name but a 
few. 
 
I would like to thank my parents, my brother and all my friends in Germany for 
continuously supporting me both before and during my PhD.  
 
Finally, I would like to thank the Research School of Biological Sciences (RSBS, 
now RSB), and the Australian National University for providing funding through an 
ANU PhD scholarship; further the Australian Department of Education, Employment 
and Workplace Relations for an International Postgraduate Research Scholarship; the 
German National Academic Foundation and the Zeiss Foundation for support through 
a Heinz-Dürr Scholarship; and the Australian Institute of Marine Sciences for 
providing accommodation and facilities during fieldwork in Queensland. 
 
  
 ix
Contents 
 
Chapter I: Introduction..................................................................................................1 
 
I.1 Sensory systems and natural stimuli .................................................................3 
I.1.1 Visual sampling.................................................................................3 
I.2 The visual world of fiddler crabs ......................................................................4 
I.2.1 Life in a dangerous world..................................................................5 
I.3 Thesis outline ....................................................................................................6 
 
Chapter II: Topography of fiddler crab vision and its relation to behaviour ................9 
 
II.1 Summary .........................................................................................................11 
II.2 Introduction .....................................................................................................13 
II.3 Materials and methods ....................................................................................16 
II.3.1 Animals, morphology and optical apparatus...................................16 
II.3.2 Optical measurements .....................................................................17 
II.3.3 Analysis...........................................................................................18 
II.3.4 Extrapolation to a full eye model ....................................................20 
II.4 Results .............................................................................................................20 
II.4.1 Morphology of the eye ....................................................................20 
II.4.2 Visual field and facet numbers........................................................22 
II.4.3 Variation in sampling resolution.....................................................26 
II.4.4 Optical vs. sampling resolution.......................................................28 
II.4.5 Eye shape.........................................................................................32 
II.5 Discussion .......................................................................................................34 
II.5.1 Comparison with earlier studies......................................................34 
II.5.2 The visual information zones ..........................................................35 
II.5.3 Ventral zone ....................................................................................35 
II.5.4 Dorsal zone......................................................................................37 
II.5.5 Frontal zone.....................................................................................38 
II.5.6 Lateral zone .....................................................................................40 
II.5.7 Medial zone .....................................................................................41 
II.5.8 Distance estimation in crab compound eyes ...................................42 
 
Chapter III: Uca vomeris – an unusual trichomat .......................................................47 
 
III.1 Summary .........................................................................................................49 
III.2 Introduction .....................................................................................................51 
III.2.1 Crustacean colour vision .................................................................51 
III.2.2 Fiddler crab colour vision ...............................................................53 
III.3 Materials and methods ....................................................................................56 
III.3.1 Animals ...........................................................................................56 
III.3.2 Preparation and recording setup......................................................56 
  
 x 
III.3.3 Optical stimulation ..........................................................................58 
III.3.4 Experimental protocol .....................................................................59 
III.3.5 Data analysis....................................................................................61 
III.3.6 Sensitivity modelling.......................................................................63 
III.3.7 Interneuron recordings.....................................................................64 
III.4 Results .............................................................................................................64 
III.4.1 Photoreceptor properties..................................................................64 
III.4.2 Spectral sensitivities ........................................................................66 
III.4.3 Spectral receptor classes and visual pigments.................................69 
III.4.4 Polarisation sensitivity.....................................................................74 
III.4.5 Visual interneurons..........................................................................74 
III.5 Discussion .......................................................................................................78 
III.5.1 Electrophysiological preparation.....................................................78 
III.5.2 Uca vomeris spectral sensitivities ...................................................79 
III.5.3 Comparison to previous studies ......................................................83 
III.5.4 Uca vomeris ’spectral ecology’ .......................................................86 
III.5.5 Polarisation sensitivity.....................................................................90 
III.5.6 Future directions..............................................................................91 
III.5.7 Conclusions .....................................................................................92 
 
Chapter IV: Natural visual cues eliciting predator avoidance in fiddler crabs............95 
 
IV.1 Summary .........................................................................................................97 
IV.2 Introduction .....................................................................................................99 
IV.2.1 Predator avoidance in fiddler crabs .................................................99 
IV.2.2 Natural visual cues ........................................................................101 
IV.3 Materials and methods...................................................................................103 
IV.3.1 Animals, apparatus and synchronisation .......................................103 
IV.3.2 Video analysis ...............................................................................104 
IV.3.3 Selection of trials...........................................................................106 
IV.3.4 Statistical analysis .........................................................................106 
IV.4 Results ...........................................................................................................107 
IV.4.1 Description of and responses to different signals categories.........108 
IV.4.2 Terns ..............................................................................................109 
IV.4.3 Kites...............................................................................................113 
IV.4.4 Dragonflies ....................................................................................120 
IV.4.5 Migrants (high-flying, passing birds) ............................................120 
IV.4.6 Response criteria ...........................................................................121 
IV.4.7 Statistical analysis .........................................................................124 
IV.5 Discussion .....................................................................................................127 
IV.5.1 Natural signals in the context of predation....................................127 
IV.5.2 Visual cues in natural escape responses ........................................128 
IV.5.3 After the home run.........................................................................131 
 
 
  
 xi
Chapter V: The influence of fast contrast changes (flicker) on escape responses ....135 
 
V.1 Summary .......................................................................................................137 
V.2 Introduction ...................................................................................................139 
V.3 Materials and methods ..................................................................................141 
V.3.1 Animals, apparatus and video analysis .........................................141 
V.3.2 Selection of trials and statistical analysis......................................143 
V.4 Results ...........................................................................................................144 
V.4.1 Flicker triggers earlier home runs .................................................144 
V.4.2 Flicker overrides speed dependence..............................................146 
V.4.3 Motion detectors are (probably) not involved...............................148 
V.5 Discussion .....................................................................................................150 
V.5.1 Flicker as a response cue...............................................................150 
V.5.2 Flicker as part of a multiple-cue response criterion ......................153 
 
Chapter VI: Summary and conclusions.....................................................................157 
 
Appendices .......................................................................................................163 
 
References .......................................................................................................193 
 
  
 xii 
  
 xiii
List of figures 
 
Figure II.1: The goniometer microscope.....................................................................18 
Figure II.2: Anatomical eye parameters......................................................................21 
Figure II.3: Optical axes of ommatidia .......................................................................23 
Figure II.4: Most ommatidia sample the horizon........................................................25 
Figure II.5: Vertical and horizontal sampling resolution ............................................27 
Figure II.6: Optical resolution and Airy discs.............................................................30 
Figure II.7: Comparison of vertical sampling resolution and optical resolution. .......32 
Figure II.8: Eye model ................................................................................................33 
Figure II.9: Vertical sampling resolution predicts size-constancy..............................37 
Figure II.10: Size constancy and distance estimation .................................................42 
 
Figure III.1: U. vomeris compound eye ......................................................................53 
Figure III.2: The electrophysiological setup ...............................................................58 
Figure III.3: Photoreceptor light responses .................................................................66 
Figure III.4: Spectral sensitivity analysis in a short-wavelength receptor (PR9)........68 
Figure III.5: V/log(I) measurement error does not explain poor single-pigment fit ...69 
Figure III.6: Photoreceptor spectral types ...................................................................71 
Figure III.7: Two-pigment fit error surface.................................................................73 
Figure III.8: Polarisation sensitivity of U. vomeris photoreceptors ............................75 
Figure III.9: Light responses of five U. vomeris interneurons ....................................77 
Figure III.10: Wavelength-specificity of a sustaining neuron’s flash response..........77 
Figure III.11: The unusual trichromatic colour vision system of Uca vomeris ..........79 
Figure III.12: Previous studies re-evaluated ...............................................................84 
Figure III.13: Visual pigments in crustaceans.............................................................87 
Figure III.14: Chromaticity diagram of claws and back patterns................................88 
 
Figure IV.1: The hunting strategy of the gull-billed tern (Gelochelidon nilotica) ...102 
Figure IV.2: The synchronised four-camera setup....................................................104 
  
 xiv 
Figure IV.3: Example trace of a tern approach. ........................................................110 
Figure IV.4: Statistics of tern approaches .................................................................111 
Figure IV.5: Example trace of a kite approach..........................................................114 
Figure IV.6: Statistics of kite approaches..................................................................115 
Figure IV.7: Example trace of a dragonfly approach ................................................116 
Figure IV.8: Statistics of dragonfly approaches ........................................................117 
Figure IV.9: Example trace of a crow (migrant) approach .......................................118 
Figure IV.10: Statistics of migrant approaches .........................................................119 
Figure IV.11: Probability histograms combined for all event types .........................123 
Figure IV.12: Probability histograms considering crab eye optics ...........................123 
Figure IV.13: GLMM predictions for response probabilities ...................................126 
 
Figure V.1: Experimental setup.................................................................................142 
Figure V.2: Crabs respond earlier to flickering dummies than to black or white 
dummies ....................................................................................................................145 
Figure V.3: Responses depend on the speed of a black dummy, but not on the speed 
of a flickering dummy. ..............................................................................................147 
Figure V.4: Crabs responded to flicker, not to the internal motion of dummies.......149 
Figure V.5: Summary of the five dummy experiments.............................................152 
 
  
 xv
List of tables 
 
Table II.1: Anatomical eye parameters .......................................................................22 
Table II.2: Horizontal ommatidial row counts compared. ..........................................25 
 
Table IV.1: Recording times and elicited responses………………………………..107 
Table IV.2: Natural visual cues affecting escape decisions………………………...126  
 
Table V.1: Black vs. flickering dummy ....................................................................145 
Table V.2: White vs. flickering dummy....................................................................146 
Table V.3: Black fast vs. black slow dummy............................................................148 
Table V.4: Flickering fast vs. flickering slow dummy..............................................148 
Table V.5: Horizontally vs. vertically flickering dummy. ........................................149 
 
  
 xvi 
